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Abstract.

The Chloroflexi CL500-11 clade predominates bacterial biomass in oxygenated hypolimnia of
deep lakes worldwide, including the world’s largest freshwater system, the Laurentian Great
Lakes. Traits that allow CL500-11 to thrive and its biogeochemical role in these environments
are currently unknown. Here, we found that a CL500-11 population was mostly present in off-
shore waters along a transect in ultra-oligotrophic Lake Michigan (a Laurentian Great Lake). It
occurred throughout the water column in spring, and only in the hypolimnion during summer
stratification, contributing up to 18.1 % of all cells. Genome reconstruction from metagenomic
data suggested an aerobic, motile, heterotrophic lifestyle with additional energy gained through
carboxidovory and methylovory. Comparisons to other available streamlined freshwater
genomes revealed that CL500-11 contains a disproportionate number of cell wall/capsule
biosynthesis genes and the most diverse DOM substrate uptake spectrum, particularly for
peptides. In situ expression patterns indicate the importance of DOM uptake and protein/peptide
turnover, as well as Type I and Type II carbon monoxide dehydrogenase and flagellar motility.
Location in the water column influenced expression patterns most, marked by increased
bacteriorhodopsin expression and a response to oxidative stress in surface compared to deep
waters. While carrying multiple adaptations to an oligotrophic lifestyle, investment in motility,
large cell size, and its distribution in both oligotrophic and mesotrophic lakes indicate the ability
to thrive under conditions where resources are more plentiful. Our data indicate that CL500-11
plays an important role in nitrogen-rich DOM mineralization in the extensive deep lake

hypolimnion habitat.
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Introduction.

Freshwater lakes are disproportionally active sites of carbon cycling relative to the
surface area they cover due to strong linkages to the surrounding land from which they receive
inorganic nutrients as well as organic carbon (1,2). Of the estimated 1.9 Pg of terrestrial organic
carbon freshwater systems process per year, nearly half is respired by bacteria (3-5). When
including soil dissolved organic carbon out-gassing, net freshwater carbon emissions are of the
same order of magnitude as net oceanic uptake (2). While photochemical mineralization of
organic carbon can predominate in lake habitats with high levels of photoactive radiation (6),
bacterial contributions to dissolved organic matter (DOM) mineralization are important as well
™).

Yet, linkages between the metabolism of organic carbon and specific populations remains
limited, particularly in the less-studied hypolimnia of lakes, even for ubiquitous and highly
abundant taxa, due to challenges to isolate representatives of these taxa (8). In recent years, use
of culture-independent methods has provided insights into the metabolic potential of some key
heterotrophic freshwater lineages, such as LD12, the freshwater sister clade to marine SAR11
(Alphaproteabacteria; (9)), acl (Actinobacteria; (10,11)), and Polynucleobacter
(Betaproteobacteria; (12,13). A common feature of these ubiquitous and abundant heterotrophic
freshwater taxa is a streamlined genome ranging between 1 and 2.5 Mbp with a variety of genes
encoding the ability to uptake and metabolize DOM.

We currently have no information regarding the geochemical role of the CL500-11
lineage of the Chloroflexi. Chloroflexi are rarely observed in freshwater pelagic zones when

oxygen is plentiful (8), but CL500-11-like populations are a notable exception and are emerging
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as a taxon restricted to lakes that are deep enough to maintain low temperatures (<10 °C) in the
hypolimnion after stratification (14). This group was first observed in Crater Lake, OR, where it
is abundant throughout the year, contributing up to 50% of all cells in the deep (15,16). Since its
initial discovery, similar predominance has been observed in deep lakes around the world,
including in Western Europe, East Asia, and most recently in two of the largest freshwater lakes
in the world, Lake Superior and Lake Huron (14,17). It would be worthwhile to know more
about the role of CL500-11 populations in deep lake hypolimnia as (1) a large proportion of all
surface freshwater is contained in the hypolimnia of deep lakes, and (2) CL500-11 contribute a
large proportion of all bacterial biomass in these habitats through a combination of numerical

dominance and large cell size.

In this study, we analyzed the occurrence of a CL500-11 lineage population along a near-
shore to off-shore transect in Lake Michigan based on sequencing of the V4 region of the 16S
rRNA gene as well as CARD-FISH. To understand its success and role in the deep lake habitat,
we reconstructed a near-complete genomic dataset from Lake Michigan metagenomic data and
identified functions in the CL500-11 genome that were overrepresented relative to other
ubiquitous freshwater heterotrophs with streamlined genomes. To gain further insights into the in
situ functioning of this organism we generated metatranscriptomic data and identified highly
expressed functions, as well as differential expression patterns based on season and location in

the water column.

Materials and methods
Physical and geochemical analyses. A plankton survey system (PSS) was continuously

lowered and raised at ~0.25 m s™' in a sinusoidal path from 1-2 m beneath the lake surface to 2-4
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m above the bottom as the R/V Laurentian moved at ~1.8 m s while logging data every 0.5
second (18). The PSS contained sensors mounted on a V-fin to measure chlorophyll a (Wet Labs
ECO Fluorometer, Sea-Bird Scientific), photosynthetically active radiation (PAR; a 4-pi sensor
(Model QSP2300, Biospherical Instruments Inc.), dissolved oxygen (SBE43, Sea-Bird
Scientific), turbidity (Wet Labs ECO NTU, Sea-Bird Scientific), and temperature. The
fluorometer output (volts) was converted to derived chlorophyll a concentrations by regression
between fluorometer output and laboratory chlorophyll & measurements (18). Replicate samples
were analyzed for dissolved organic carbon (DOC), particulate organic carbon (POC) and
nitrogen (PON)), total and particulate phosphorus (TP, PP), and soluble reactive phosphorus
(SRP) according to NOAA GLERL standard operating procedures (19). Total dissolved
phosphorus values (TDP) were calculated by subtracting PP from TP.

Bacterial samples. Water samples originated from 5 m below the surface and 2-5 m
above the lake floor at the near-shore (43° 11' 17" N, 86° 20' 38" W; April 23, July 15, and
September 23, 2013) and off-shore station (43° 11' 59" N, 86° 34' 11" W; April 23, July 16, and
September 24, 2013) along the NOAA Lake Michigan Muskegon transect (Fig. 1). Water was
collected using a 30 L Niskin bottle, and pre-filtered through 210 and 20 um nitex mesh into 10
L carboys. Carboys, funnels, and mesh were bleach-cleaned, MilliQ water rinsed until no bleach
odor remained, and twice with sample water. Pre-filtered water was sequentially filtered onto 3.0
pum polycarbonate filters and 0.22 um polyethersulfone filter membranes (142 mm, Millipore)
using a Masterflex I/P peristaltic pump (Cole Parmer) between settings 11-13. Filters were
folded with bacterial biomass facing inwards and submersed into RNAlater (Ambion). Samples

were stored at -20 °C on board and transferred to a -80 °C freezer within 48 h of sampling.
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Sample filtering was limited to 10 minutes and all samples were stored in RNAlater within 20
minutes of sampling.

DNA/RNA extraction. Duplicate nucleic acid extractions from the same 142 mm filter
membrane were performed for each of the field samples using a modified AllPrep
DNA/RNA/miRNA Universal kit protocol (Qiagen) (20). Part of the RNA fractions were
converted to cDNA using the ProtoScript II First Strand cDNA Synthesis Kit (New England
BioLabs).

16S rRNA gene sequencing and analysis. DNA and cDNA was submitted to the Joint
Genome Institute for 16S rRNA gene amplicon sequencing targeting the V4 region of the 16S
rRNA gene (515F/806R universal primers) (21). Pooled libraries were sequenced on an Illumina
MiSeq sequencer, using v2 chemistry 2x250 (500 cycles) paired-end reads. RTA v1.17.28 and
MCS v2.2.0 software were used to generate data. A random subset of 40,000 read pairs were
used for each of the field data samples to reduce computational time. We used mothur v.1.34.3 to
generate the operational taxonomic unit (OTU, 97 % sequence similarity) table, rarefy data at a
subsampling that allowed inclusion of all samples (n = 4,500; certain samples contained >85%
chloroplast sequences). We used the MiSeq standard operating protocol accessed on Dec 17,
2014 using SILVA release 119 for alignment and classification (22,23). The OTU table was
imported into Excel and OTU count data for the OTU classified as Anaerolineaceae was
extracted for generating Figure 2. All data is available on the Joint Genome Institute’s genome

data portal (http://genome.jgi.doe.gov/; Project IDs 1041195 and 1041198).

Metagenomic sequencing and analyses. The Joint Genome Institute generated
metagenomic data from field samples (0.22-3 um fraction only) collected at the off-shore station

in spring (5 m (surface; IMG GOLD Analysis ID Ga0007769) and 108 m (deep; Ga0007770)),
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summer (108 m (Ga0007777) and 35 m (chlorophyll maximum; Ga0007778)), and fall (108 m
only (no chlorophyll maximum present); Ga0007786). Paired end 150 bp reads were generated
(HiSeq2000) from ~ 200 bp fragment size Nextera (summer and fall) or TruSeq (spring) libraries
(Illumina). Metagenomic data from individual samples were assembled by the JGI pipeline.
Shortly, BBDuk (filterk=27, trimk=27) was used to remove Illumina adapters, Illumina artifacts,
and phiX, and quality-trim both ends to Q12. Reads with quality scores averaging less than 8
over the read before trimming, or with length under 40 bp after trimming, were discarded.
Remaining reads were mapped to human HG19 with BBMap, discarding all hits over 93%
identity. Trimmed, screened, paired-end Illumina reads were assembled using SOAPdenovo
v1.05 (24)(default settings) using multiple k-mers (81, 85, 89, 93, 97, 101). The contigs resulting
from each k-mer were de-replicated using in-house Perl scripts. Contigs smaller than 1800 bp
were assembled using Newbler v2.8 (Life Technologies) to generate larger contigs (flags: -tr, -
rip, -mi 98, -ml 80). Newbler contigs and SOAPdenovo contigs larger than 1800 bp were
combined using minimus 2 (25) (flags: -D MINID=98 -D OVERLAP=80). Exact duplicate and
fully contained sequences were removed using dedupe (github.com/datamade/dedupe).

Full 16S rRNA gene reconstruction was performed with EMIRGE (default settings
except -1 150 —i 200 —s 50 —j 1.0) using SILVA v119 database clustered at 97% using
USEARCH (26) as reference. The setting —j 1.0 allows for the highest possible phylogenetic
resolution of the analysis, as only sequences that are 100% identical are combined during the
iterative read recruitment process. Sequences matching 18S rRNA genes were excluded.

To achieve improved population genome reconstructions, we used GAM-NGS (27) to
sequentially merge sample-specific assemblies from deep samples at the off-shore station in

spring, summer, and fall (Table S2). All resulting contigs > 3,000 bp were clustered using ESOM,
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based on the tetranucleotide frequency of the contigs (28). To help extract contigs of interest (i.c.,
Chloroflexi), contigs were phylogenetically classified by searching open reading frames
identified by prodigal (29) against NCBI NR using RAPsearch2 (30). We expanded the putative
Chloroflexi ESOM bin with contigs > 1,000 bp that had a RAPsearch2 Chloroflexi classification
and reduced it to the CL500-11-LM sequence bin using Maxbin (31) and the mmgenome R
library (32) (Table S2). The latter relied on read recruitment with bowtie2 (default settings) (33)
using 10 million paired end reads from off-shore spring surface and bottom, and summer bottom
water samples. CheckM analysis was performed to assess completeness and purity of the final
Chloroflexi CL500-11-LM sequence bin (34) and of the closest sequenced isolate, Anaerolinea
thermophila UNI-1 (35). The CL500-11-LM bin was submitted to the DOE Joint Genome
Institute Integrated Microbial Genomes for annotation. To remove redundancy due to incomplete
assembly merging, a self-blastp analysis of the CL500-11-LM proteins was performed to search
for replicate contigs by identifying blocks of proteins (2 or more) that were duplicated at >99%
sequence identity. Redundant proteins were removed from the genome.

We used STAMP to identify over- and underrepresented protein functions in CL500-11-
LM relative to a combined set of 6 freshwater heterotroph genomes (listed in Table S6), A.
thermophila, and the deep-water summer off-shore station metagenomic dataset (36). Analyses
were performed using the cluster of orthologous groups of proteins (COG) and Pfam profiles
obtained from the JGI IMG data web portal. All datasets were rarefied to the lowest number of
profiles (typically the number present in CL500-11-LM). Two-sample statistical analysis to
identify functions that were present at significantly different relative abundances in CL500-11-

LM relative to the reference genomes or metagenome was performed in STAMP using the
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Fisher’s exact test for Pfam profiles (due to low number of occurrence of many Pfams), and the
Chi-square test for COGs.

Metatranscriptomic sequencing and analyses. The Joint Genome Institute generated
metatranscriptomic data from RNA extracted from the offshore station samples (0.22-3 pm
fraction only) collected in spring (5 m daytime (Ga0007745) and nighttime (Ga0007744) and
108 m daytime (Ga0007746)), summer (108 m nighttime (Ga0007753) and 35 m daytime
(Ga0007754)), and fall (108 m nighttime (Ga0007762)). rRNA was was removed from 10 ng of
total RNA using Ribo-Zero™ rRNA Removal Kit (Bacteria) (Epicentre). Stranded cDNA
libraries were generated using the [llumina Truseq Stranded RNA LT kit. The rRNA depleted
RNA was fragmented and reversed transcribed using random hexamers and SSII (Invitrogen)
followed by second strand synthesis. The fragmented cDNA was treated with end-pair, A-tailing,
adapter ligation, and 15 cycles of PCR. Sequencing (2 x 150 bp) was performed on the Illumina

HiSeq2000 sequencer using a TruSeq SBS sequencing kits, v3.

Raw sequences were (1) quality-trimmed to Q10 and adapter-trimmed using BBDuk
(options: ktrim=r k=25 mink=12 tpe=t tbo=t qtrim=r trimq=10 maq=10 maxns=3 minlen=50),
(2) filtered for process artifacts using BBDuk (options: k=16), (3) mapped against a trimmed
version of the Silva database to remove remaining rRNA reads using BBMap (options: fast=t
minid=0.90 local=t), and (4) human reads were removed using BBMap. Remaining reads were
recruited to the curated CL500-11-LM coding genes using bowtie2 (options --local -p 10 -D 5 -R
1 -N0-L 25 -i8,1,2.00)(33). For samples with high abundance of CL500-11, 10 million paired
end read pairs were used (summer and fall deep night), while all reads were used for the
remaining datasets (summer chlorophyll maximum day, and spring surface day and night and

spring deep day). Mapped reads were scaled to the dataset with the lowest number of recruited
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reads according to (37) and differential expression was detected using DEseq2, which identifies
differentially expressed genes based on empirical Bayes shrinkage of both gene count variance
and the fold-change estimation, two problematic issues of count-based data with a large dynamic
range such as transcriptomics data (38). To account for Type I error, correction of the p-values
using the Benjamini and Hochberg false-discovery rate correction available in the DeSeq2
package was performed. Overrepresentation of functions among highly expressed genes (5%,
10%, and 25% highest expressed genes relative to the proportion of genes encoding the same
function in the whole CL500-11-LM genome), as well as among differentially expressed genes
between surface and deep samples, was determined applying a Chi-square test for COG
categories and a Fisher’s exact test for Pfam categories (using the STAMP program). The p-

values were corrected using the Benjamini and Hochberg false discovery rate correction.

CARD-FISH. We used the CARD-FISH probes (CL500-11-specific HRP-labeled probe
CLGNS-584 and the helper probe CLGNS-567h to augment signal strength) and protocol
developed by Okazaki (14) on 0.22-20 um water subsamples from the water sampled for DNA
and RNA extractions. Filters were examined with fluorescent microscopy by taking a photo and
counting the number of DAPI-stained and probe-tagged cells within the field; a minimum of 300
DAPI-stained cells (5-10 fields of view) were counted per sample. Cell size and proportion of
cell pairs was determined for ~ 50 cells per sample using the ZEN software measurement tools
(Zeiss, Inc). Because CL500-11 cells have a curved rod shape, they were measured from the
middle of the cell’s width, following the cell shape length-wise. We identified the proportion of
all cells that were part of dividing cells (cell pairs) and measured the length of each member of
the cell pair separately. For all samples, cells were measured in either DAPI or GFP field

depending on the clarity of the cell boundaries.

10
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Results.

Soatiotemporal distribution of CL500-11.

All samples originated from the Muskegon transect on Lake Michigan, a long-term
observatory operated by NOAA GLERL (Fig. 1). The water column was isothermal in spring
and stratified in summer and fall (Fig. 1D-F), remained oxygenated throughout the season (Fig.
1G-I), and mid-day PAR was high in surface waters and low in waters below 60-80 m (Fig. 1M-
0). N, P and C levels were highest in the near-shore in spring, and lowest in the off-shore deep
water (Fig. 1C). Phytoplankton concentration as measured by chlorophyll a was low except for
near-shore in spring and in the off-shore chlorophyll maximum in summer (Fig. 1J-L).

Ribosomal rRNA sequencing data from cDNA and DNA libraries were combined in one
analysis, as DNA from summer deep off-shore water samples failed to amplify for 16S iTag
analyses. After rarefaction, 306 OTUs were classified as Chloroflexi in our data, containing
1.8 % of all rarefied sequencing reads (7" most abundant phylum; Proteobacteria are the most
abundant phylum accounting for ~ 40% of all rarefied reads). Only one of these OTUs reached
relative abundance > 3% in any of the individual sample datasets. This OTU was classified at the
family level as Anaerolineaceae and contained ~75% of all Chloroflexi sequences identified in
the entire dataset. This population was primarily found in the free-living fraction of the deep off-
shore waters (Fig. 2), and contributed up to 20.7 % of all sequences in a given sample (i.e., 0.22
— 3 um, fall, off-shore, deep sample). To obtain more resolved taxonomic information for this
OTU, we used EMIRGE to reconstruct small subunit ribosomal RNA genes from the summer
off-shore station hypolimnion 0.22-3 pm fraction metagenomic data. We reconstructed six

unique Chloroflexi 16S rRNA genes (reconstructed from reference sequences of two

11
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Anaerolineaceae, two SL.56 marine group bacteria, one KD4-96, and one Roseiflexus),
containing a total of 10.1 % of all reads used to reconstruct bacterial sequences > 500 nt. One
sequence was generated using 7.3 % of all recruited reads and shared 99.6 % identity to clone
CL500-11 from Crater Lake, Oregon, USA (GenBank AF316759; Table S1) and to a partial
sequence retrieved from Lake Biwa, Japan (GenBank AB686531).

While predominantly present in the 0.22-3 pum fraction, CL500-11-like 16S rRNA gene
sequences were detected in the 3-20 um fraction in fall, and had nearly equal relative abundances
in the offshore surface waters in spring (Fig. 2). To obtain clues regarding this apparent shift in
cell size, we performed CARD-FISH experiments on three off-shore samples (0.22-20 um
fraction): surface water in spring, and bottom water in summer and fall. CARD-FISH data
confirmed the patterns observed by 16S V4 iTag sequencing (Fig 2). The absolute abundance of
CL500-11-like cells varied from 3.1 x 10* (+ 1.5 x 10* 95 % CI) cells/ml in spring surface
waters, to 2.2 + 0.8 x 10 and 4.6 + 1.3 x 10* cells/ml in summer and fall deep water samples,
respectively. Average cell size was larger in spring surface waters (0.87 + 0.06 um; 90 % C.1.) as
compared to summer and fall (0.76 + 0.04 um)(Fig. S1). In addition, the proportion of cells that
appeared to be connected cell pairs in spring was larger than that found in summer and fall,

though not significantly (71.4 % vs 50.1 % of all cells; p > 0.10; Fig. 2).

CL500-11-LM genome reconstruction and analysis.

In an effort to maximize the genome completeness, we merged three Lake Michigan
metagenomic dataset assemblies, and subsequently used tetranucleotide and differential coverage
binning methods (Fig. S2-S4) to isolate contigs comprising the CL500-11-LM population

genomic dataset. Initially, we selected 503 contigs with an average GC% of 60.9 that encoded

12
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2,579 protein-coding genes (Table S2). CheckM estimated the genome to be 84.5 % complete,
with 0.8 % contamination not attributable to strain heterogeneity (Table S3). After removal of
redundancy resulting from the assembly merging process, we reduced the CL500-11-LM
genome to 398 contigs encoding 2,153 protein-coding genes. CheckM indicated this significantly
reduced within-genome redundancy (Table S3). The closest fully sequenced relative (A.
thermophila UNI-1) was estimated to be 93.6 % complete (checkM). Corrected for the A.
thermophila CheckM completeness estimate gap, we estimate the CL500-11-LM bin to be
90.2 % complete.

The curated CL500-11-LM sequence bin contained genes for aerobic oxidative
phosphorylation (Table S4) and most genes required for glycolysis and the Krebs cycle (Table
S4), including one of two key enzymes for the glyoxylate shunt (malate synthase,

Ga0063436 _10633). Missing were orthologs for the enzymes catalyzing phosphorylation of
glucose — though multiple sugar kinases are present — and the conversion of malate to
oxaloactetate. We also identified multiple ABC transporters for sugars and peptides (Table S5-
S6). No evidence was found for carbon fixation capability, but we did identify genes involved in
C1 compound oxidation: (1) Type I and Type II carbon monoxide dehydrogenases, based on
both motif and gene neighborhood analyses, (Table S7), and (2) part of the pathway for
tetrahydrofolate-dependent oxidation of methanol, glycine, methylamines, and potentially
betaine (four copies of trimethylamine:corrinoid methyltransferases (39)) (Table S8). Missing
genes were present in multiple copies in the metagenomic dataset, though were not part of the
Chloroflexi bins. No genes encoding photosynthetic capabilities were found. However, a
proteorhodopsin gene was encoded on a contig located on the margin of the Chloroflexi ESOM

bin (Fig. S3), and read mapping across multiple datasets supported its inclusion in the CL500-11-

13

1senb Aq 9T0Z ‘9z 1snbny uo /610 wse wae//:dny woliy papeojumod


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

LM bin (Fig. S4). The retinal biosynthesis pathway was only partially present, with genes
encoding beta-carotene 15,15'-monooxygenase (bcmo) and Lycopene cyclase (CrtY) missing
from the CL500-11-LM bin based on analysis of the gene annotation and a Blastp search with
the corresponding protein sequences from Pelagibacter ubique HTCC1062 (e-value < 1e-5).

Sixty-five % of CL500-11-LM coding genes did not have an ortholog in the most closely
related sequenced Chloroflexi isolate, A. thermophila UNI-1 (ortholog defined as reciprocal best
hit with blastp score ratio > 0.3, which corresponds to 30 % identity across 70% of the length of
the protein (40)). Significantly fewer genes for regulatory processes and carbohydrate
metabolism were encoded in the genome of CL500-11-LM compared to A. thermophila, while
genes for amino acid and coenzyme transport and metabolism and cell motility were
overrepresented in CL500-11-LM relative to the same functions in A. thermophila (Fig. 3, Table
S9). The latter was the result of the unique presence in CL500-11-LM of the flagellar apparatus
and two methyl-accepting chemotaxis proteins. In line with limited regulatory mechanisms in
CL500-11-LM, only five RNA polymerase sigma factors were identified (sigma-28, sigma-54,
and three sigma-70), compared to twelve sigma factors and two anti-sigma factors in A.
thermophila UNI-1.

Genes involved in cell motility, amino acid transport and metabolism, and cell wall and
membrane biosynthesis were overrepresented in CL500-11-LM compared to a set of six other
abundant freshwater heterotrophic bacteria with relatively streamlined genomes (< 2.5 Mbp; two
Acl lineage genomes, two LD12 lineage genomes, and two Polynucleobacter (PnecC) genomes,
Table S6, S9) and the off-shore station deep water summer metagenome (Fig. 3). A more
detailed comparison using Pfam profiles indicated a variety of peptide and carbohydrate

transporters, peptidases, methyltransferases, and glycosyltransferases to be overrepresented in
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CL500-11-LM relative to its closest sequenced relative and the community it dominates (Fig. 3,
Table S9). DOM substrate uptake resembles Acl most closely (Table S6), though is more diverse
and marked by much higher levels of redundancy of di- and oligopeptide transporters (31
proteins vs. five for Acl). The multiple copies of CO dehydrogenase genes were another unique

feature of CL500-11-LM.

CL500-11-LM in situ expression patterns.

We recruited metatranscriptomic reads to the CL500-11-LM coding sequences for all
datasets where iTag analysis indicated the presence of CL500-11-LM (Table S5, S10). Average
expression levels at off-shore stations (spring surface and deep, summer chlorophyll maximum
and deep, fall deep) indicated overrepresentation among the top 5% most highly expressed genes
relative to their prevalence in the whole CL500-11-LM genome of amino acid transport and
metabolism (14.5 % of all highly expressed genes relative to 8.3 % of all CL500-11-LM genes, q
= 0.15), particularly di/oligopeptide transporters (5.2 % vs. 0.5 %, q = 0.001), energy production
(14.5 % vs. 4.5 %, q = 2.4x10”) which includes both the Type I and Type II carbon monoxide
dehydrogenases, and protein turnover (10.0 % vs. 2.0 %, q = 2.2x10; Table S11). Relatively
few housekeeping genes were among the most highly expressed genes, though when including
the top 10% and top 25% most highly expressed genes, these functions were more highly
represented, as well as genes involved in motility (Table S11). Transport functions for DOM
were overrepresented in the CL500-11-LM transcriptome relative to the prevalence of these
functions in he CL500-11-LM genome (11.4 % of all mRNA reads (Table S6)).

The highest number of differentially expressed genes was identified when comparing

deep samples to surface water samples, regardless of season (75 genes; Table S12). Only 67
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genes were differentially expressed when excluding the spring deep sample, 60 of which were
also identified as differentially expressed when including the spring deep sample. Comparing
spring to summer samples, regardless of depth (spring surface (day and night) and deep relative
to summer and fall chlorophyll maximum and deep), resulted in only 7 differentially expressed
genes. Finally, comparing spring surface and deep samples to summer and fall chlorophyll
maximum and deep resulted in 26 differentially expressed genes, 19 of which were shared with
the spring surface to summer/fall deep comparison. This indicated that location in the water
column, which at the offshore station mostly differed in the level of photoactive radiation
available (Fig. 1), was the most influential factor for CL500-11-LM gene expression. More genes
were more highly expressed in the surface as compared to the deep, including defense
mechanisms, Fe-S assembly proteins (suf operon), Fe uptake, components of the electron chain,
glycolysis and TCA cycle, proteorhodopsin and proteins involved in carotenoid biosynthesis
(Table S12). Genes more highly expressed in the deep included multiple amino acid metabolic
functions including tryptophan biosynthesis, Type III glutamine synthetase, and part of a glycine

cleavage complex, and part of the Type II carbon monoxide dehydrogenase operon.

Discussion.

While high Chloroflexi levels are rarely reported in oxygenated freshwater lakes (8), the
CL500-11 lineage of the Chloflexi is emerging as a highly abundant taxon in the hypolimnion of
deep stratified lakes around the world (14,15). Our study adds Lake Michigan to this list of lakes,
which means CL500-11 has now been shown to reach relative abundances up to 20 % in the
hypolimnia of all three upper Great Lakes (Lake Superior, Huron, Michigan; (17)). Its

morphology, comparative genomic, and metatranscriptomic analyses reveal adaptations typical
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of both oligotrophic and copiotrophic lifestyles, in line with their occurrence across a broad
productivity gradient (14).

A recent summary of conditions under which CL500-11 lineage bacteria are found to be
abundant indicates it can thrive under both oligotrophic and mesotrophic conditions, as long as
oxygen does not get depleted in the hypolimnion and hypolimnion temperatures remain below
10 °C (Table 1 in (14)). Compared to Lake Biwa, where the same CARD-FISH probe was used,
the Lake Michigan peak relative abundance is similar, while remaining well below the 50%
reported in Crater Lake (15,16). Total bacterial and CL500-11 cell numbers are about one order
of magnitude lower in Lake Michigan than in Lake Biwa, most likely reflecting the lower levels
of DOC and nutrients in Lake Michigan, which is oligotrophic (Fig. 1) in contrast to mesotrophic
Lake Biwa (14). CL500-11 remain present at high numbers at the end of the spring mixed period
in Lake Michigan while they become undetected in Lake Biwa (14), potentially due to
differences in the mixing regime of these two lakes. All current observations of CL500-11 are
consistent with an oxygenated cold-water niche of deep, though not necessarily large, lakes. The
only findings that argue against cold adaptation were identifications of CL500-11-like sequences
near hydrothermal vents in Lake Yellowstone. However, one study indicated multiple lines of
evidence for dilution of the vent water samples with surrounding cold (< 10 °C) water, including
the presence of multiple non-thermophilic microorganisms and the presence of significant levels
of Oy in the sample while vent water was anoxic (41). The other study only observed the CL500-
11-like sequences in the coldest vent sample (~16 °C) (42).

Our metabolic analysis as well as recent findings of aminosugar incorporation by a
CL500-11-like population points to a heterotrophic lifestyle (43). In a previous study of Lake

Biwa, it has been shown that semi-labile DOM produced by phytoplankton in the epilimnion is
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subsequently biologically remineralized in the hypolimnion (44). Considering its abundance,
CL500-11 may play an important role in this process. Comparisons of the reconstructed CL500-
11-LM genome to other streamlined genomes of abundant freshwater heterotrophs identified
traits that support this function and may help explain its success in the deep lake hypolimnion
habitat. While some of the compared genomes are even more streamlined than CL500-11-LM
(e.g., LD12 (45) and Acl lineages (10,11)), many similarities and some contrasts can be found.
Similar to other freshwater heterotrophs, CL500-11 dedicates ~3% of its genome to import
diverse DOM substrates (46), but stands out as having the most diverse substrate spectrum,
particularly for di- and oligopeptides. In line with this observation, the overrepresentation of
metabolic functions to metabolize these peptides was observed. The low number of carboxylic
acid transporters relative to LD12 and Polynucleobacter could be a reflection of the preference
of CL500-11 for water depths with lower PAR, where there is a lower availability of these
compounds, which have been shown to be produced through the interaction between UV and
DOC (47).

In addition to the genomic overrepresentation of transporters, the disproportionate
number of transporters among highly expressed genes confirmed the importance of transporters
to CL500-11-LM, particularly of peptide transport. The prevalence of transporters among highly
expressed genes contrasts to a recent metatranscriptomic survey of a mesotrophic reservoir that
showed few transporters among the top 5% expressed genes (48). However, our results are in
line with community-level transcript measurements in coastal ocean systems, where up to 13 %
of all sequences assigned to COGs were involved in transport, and about half of those were
involved in DOM transport (49). In the most oligotrophic areas of the open ocean, proteomics

experiments have indicated two thirds of all protein originated from transport systems in SAR11
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(50). Strikingly, the apparent importance of the CL500-11 lineage in organic nitrogen
transformation matches past findings that in the hypolimnion of Lake Biwa mineralization of
DOM preferentially converts N-rich compounds (51).

Carboxidovory and likely methylovory in CL500-11-LM allow for additional energy
generation through the oxidation of CO and methyl groups, respectively. Methylovory has been
demonstrated for Candidatus Pelagibacter ubique (52) and we identified homologous genes in
the SAR11 freshwater sister clade LD12. Carboxidovory in SAR11 has been suggested as one
mechanism in which it gains an edge in oligotrophic environments, such as the Sargasso Sea.
Sargasso Sea DOC concentrations are 2-3 x lower than deep off-shore Lake Michigan water,
while Lake Michigan soluble reactive phosphorus levels are lower (53,54). Lack of data
precludes comparison of inorganic nitrogen levels, though freshwater systems are typically more
P- than N-limited (55). Evidence of methylovory (i.e. carbon monoxide dehydrogenase genes) on
the other hand was not identified in any of the other streamlined freshwater heterotrophs or
SARI11. A carbon monoxide dehydrogenase is present in copiotrophic and often abundant
freshwater Limnohabitans species (56) and has been observed as a highly expressed gene in a
mesotrophic reservoir (48). The one-carbon oxidation pathways may be beneficial in both
oligotrophic and more productive systems where CL500-11 can be similarly abundant (14).

In addition to the large cell size, the overrepresentation of cell envelope biosynthesis
genes and energetically costly investment in motility are features that characterize a bacterial
copiotrophic lifestyle (57). However, the relatively small genome size, limited investment in
transcriptional regulation (3.5 % of protein coding genes) and signal transduction (1.5 %), and a
small proportion of secreted (3.2 %) or membrane-bound proteins (19.4 %) are consistent with

adaptation to an oligotrophic lifestyle for CL500-11 (57). Regulatory mechanisms are
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particularly reduced, even in comparison to other streamlined freshwater genomes. Relative to A.
thermophila UNI-1 60 % and 40 % fewer genes were involved in signal transduction and
transcription, respectively, compared to a prediction of 20 % fewer genes in both categories
based on genome size difference alone (3,166 vs. 2,153 protein coding genes) (58). Overall, the
limited genome content and sequence conservation between CL500-11-LM and the filamentous
thermophile A. thermophila (35) are in line with large differences in morphology and ecology.

The cell envelope provides the interface that helps determine the outcome of interactions
with viruses and predatory grazers, primarily nanozooplankton (59). Escape from grazers due to
specific cell surface structures (S-layer) has been shown for the Acl lineage (60). Multiple
envelope structures have been inferred from genomic data for Chloroflexi lineages, including S-
layers (61). Although composition of the cell envelope can contribute to multiple traits, the
overrepresentation of cell envelope biosynthesis genes in CL500-11-LM relative to all other
genomes may underpin surface structures that allow escape from grazing predators, allowing it to
maintain high relative abundance levels. Independent of cell envelope composition, increased
grazing resistance may be conferred by the large cell size and curved morphology (62), as well
as by the large proportion of cell pairs. It is notable that in filter feeding experiments using water
and invasive quagga mussel samples from Lake Michigan, CL500-11-LM was enriched after 3.5
hours of filter feeding (V.J. Denef, unpublished results).

Occurrence in the surface waters in spring corresponded with increased cell size, which
could explain the increased occurrence in the 3-20 um fraction in spring. The larger cells and
potentially increased abundance of cells pairs in the spring, which has previously been suggested
as indicative of cell division (14), could indicate more favorable conditions and a higher growth

rate in spring (63). However, the metatranscriptomic data did not indicate increases in core
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functions such as transcription, DNA replication, and cell division, but instead indicated
exposure to stress in the surface waters. Particularly, multiple genes indicate the presence of
increased oxidative stress relative to the deep (suf operon (64), thioredoxin, ahpC, several
proteases involved in damaged protein turnover (65)), which is likely considering the increased
photoactive radiation at the surface (66). Oxidative stress response mechanisms are commonly
found in other streamlined freshwater heterotroph genomes as well (10,12), though different
protein families appear to be involved in CL500-11 and other freshwater genomes.

In light of the observed stress response, the higher expression of proteorhodopsin in the
surface water, which is expected based on higher PAR, suggests that CL500-11 uses
proteorhodopsin as a means to increase survival under suboptimal conditions rather than increase
cell growth (67). However, up-regulation of electron chain components, glycolysis, and TCA
enzyme-encoding genes is similar to the response seen during proteorhodopsin-induced growth
in a marine flavobacterium (68). Considering its marginal classification as part of the CL500-11-
LM bin, further verification of the presence of proteorhodopsin in the genome of CL500-11 and
its ecological role will be required.

CL500-11-like populations predominate the hypolimnion of at least three of the five
Laurentian Great Lakes, which contain ~20% of the world’s surface freshwater. In addition, they
have been identified in multiple deep and often large lakes around the world, and can likely be
found in most deep lakes that maintain a cold and oxygenated hypolimnion. Their numerical
abundance, large cell size, and low within-clade sequence variation (14) mean that populations
with similar traits as CL500-11-LM likely contribute a significant proportion of the world’s
freshwater bacterial biomass. Our analyses suggest they play an important role in the

transformation of biologically derived organic matter, particularly nitrogen-rich DOM.
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Figures.

Figure 1: Muskegon transect location and physicochemical data from sampling sites. [A,B]
Southern Lake Michigan with depth contours and transect location. [C] Available geochemical
data (N, P, C) from the sample sites: S refers to 5 m below surface, M to 35 m below surface
(deep chlorophyll maximum), and D to 80 m below the surface. Error bars represent the standard
error between duplicate measurements. (D-O) Profiles determined by the plankton survey system
tow (dotted lines indicate travel path) at the time of sampling. Black and white circles indicate
microbiological field sampling sites. All data was collected during the nighttime transect, except
for PAR (photo-active radiation) data. The low surface PAR and wavy shape of the PAR profiles
across the spring transect result from overcast conditions plus rain showers on parts of the
transect.

Fig. 2: Spatiotemporal distribution of CL500-11-LM Chloroflexi along the Lake Michigan
Muskegon transect. Relative abundance of the CL500-11-like population as assessed by 16S
V4 sequencing and CARD-FISH across time, along the Muskegon transect (near-shore (15 (m))
and off-shore (110 (m)) station), at different depths (surface (S), bottom (D), and deep
chlorophyll maximum (M)), and in different size fractions (particle-associated (PA) and free-
living (FL). For CARD-FISH data, the fraction of all CL500-11 cells observed as part of a cell
pair is indicated as well. Errors bars indicate 95% C.1I.

Fig. 3: Differential representation of protein functions in the genome of CL500-11-LM
relative to genomes of other abundant freshwater heterotrophs with streamlined genomes
(SFH; see list in Table S6), summer Lake Michigan off-shore deep water metagenomic data,
and A. thermophila UNI-1. Summary of STAMP analyses based on COG and Pfam profiles.

The effect size is the difference in relative abundance of a protein function in each genome or
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703  metagenomic dataset. The g-values are the modified p-values after multiple testing correction
704  based on the Benjamini-Hochberg false discovery rate. The complete data set is included in
705  Table S9.
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Cell wall, membrane, envelope biogenesis
pfam00534 - Glycosyl transferase 1
pfam01476 - LysM
pfam00535 - Glycosyl transferase 2
pfam13231 - Dolichyl-P-mannose-protein mannosyltransferase
pfam13579 - Glycosyl transferase 4
pfam01370 - NAD dependent epimerase/dehydratase family
pfam02469 - Fasciclin domain

Amino acid transport and metabolism
pfam01266 - FAD dependent oxidoreductase (aminomethyltransferases)
pfam00496 - ABC transporter (di/oligopeptides)
pfam01546 - Peptidase family M20/M25/M40
pfam00528 - ABC transporter (oligopeptides, carbohydrates, ions)
pfam07676 - WD40-like Beta Propeller Repeat
pfam12911 - Oligopeptide transport permease C

*k

Cell motility
* Energy*eroduction and conversion
COG/Pfam Effect size
% Bl CL500-11-LM - SFH
B CL500-11-LM - Su.110.D
[0 I CL500-11-LM - Anaerolinea
**x <0.05
** *q<0.10
pfam03401 - Tripartite tricarboxylate transporter

pfam01315 - Aldehyde oxidase (cox)
pfam00248 - Aldo/keto reductase family (cox)

Carbohydrate transport and metabolism

Defense mechanisms
pfam00664 - ABC transporter
*

*%

Signal transduction mechanisms
Transcription
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